For the Tortonian (Late Miocene, 11 to 7 Ma), we present a model simulation using the atmospheric general circulation model (AGCM) ECHAM4 coupled to a mixed-layer (ML) ocean model. The Tortonian simulation with ECHAM4/ML includes an adjusted weaker than present ocean heat transport, a generally lower palaeorography and an appropriate palaeovegetation. We analyse the climatic differences between the Tortonian run and the present-day control experiment, and we validate our Tortonian model results for the mean annual temperature and the annual precipitation with quantitative terrestrial proxy data. Globally, the Tortonian run is slightly warmer (+0.6°C) and the global precipitation indicates more humid conditions (+ 27 mm/a) than the PD control run. Particularly the northern high latitudes are warmer (+ 3.5°C) in the Tortonian simulation which leads to a weaker meridional temperature gradient than today as well as to a reduction of polar sea ice. We attribute the polar warming to the lowering of the Greenland elevation (+ 20°C) in the Miocene and to the effects of the palaeovegetation. The reduced altitude of the Tibetan Plateau causes a warming (+ 20°C) as compared to today and leads to a weaker Asian monsoon in the Tortonian run. For Europe, the mean annual temperature is almost unaffected as compared to today because a cooling effect of the weak palaeocean heat transport is compensated by the palaeovegetation. When validating our model results, we find that the Tortonian run is largely consistent with quantitative proxy data. However, the high latitudes tend to be generally too cool in the palaeoclimate simulation and the equator-topole temperature gradient is too steep as compared to proxy data. For Europe the comparison with proxy data indicates that the Tortonian simulation underestimates the mean annual temperatures, but precipitation patterns are quite consistent between model results and proxy data. Overall, the Tortonian run is quite realistic and hence the model simulation contributes to a better understanding of the relevant climate processes in the Miocene. However, the discrepancies to proxy data demonstrate that we still do not sufficiently understand the Late Miocene climate.
Introduction
The Cenozoic climate is characterised by the transition from the warm and humid Cretaceous to the cool Palaeogeography, Palaeoclimatology, Palaeoecology 253 (2007) 251 -270 www.elsevier.com/locate/palaeo Quaternary with its glacial-interglacial cycles (e.g. Zachos et al., 2001) . The Miocene (∼24 to 5 Ma) belongs to the later part of the Cenozoic cooling. In some respects the Miocene is quite comparable to the present-day's situation (e.g. the land-sea distribution), but proxy data indicate a generally warmer and more humid climate than today (e.g. Heer, 1859; Wolfe, 1994a,b; Mai, 1995; Bruch, 1998; Bruch et al., 2006 ; other studies of this volume). The high latitudes were warmer in the Miocene (e.g. Heer, 1868; Wolfe, 1994a,b; Graham, 1999) , whereas equatorial regions tended to be almost as warm as today (e.g. Jacobs and Deino, 1996; Jacobs, 1999) . Corresponding to the warm polar regions, the Miocene meridional temperature gradient was weaker than today (e.g. Bruch et al., 2004 Bruch et al., , 2006 and the onset of the Northern Hemisphere's glaciation was assumed to start afterwards in the Pliocene (e.g. Kleiven et al., 2002) . Related to the warm and humid climatic conditions, the Miocene vegetation was characterised by a boreal forest which extends far more towards the high latitudes than today (e.g. Heer, 1868; Wolfe, 1985; Micheels, 2003) . Moreover, at the expense of widespread Miocene forests the desert areas were largely reduced as compared to the modern situation (e.g. Micheels, 2003) . In order to explain e.g. the weak meridional temperature gradient, Miocene atmospheric general circulation model (AGCM) simulations focus on the climatic effects of several processes such as orographic changes that occur during the Miocene (e.g. Dutton and Barron, 1997; Fluteau et al., 1999) . For instance, using the AGCM LMD Fluteau et al. (1999) find that the uplift of the Tibetan Plateau from the Oligocene to today strengthened the Asian monsoon. Another LMD model experiment demonstrated that the retreat of the Paratethys from the Oligocene to the Miocene led to a cooling in Asia (Ramstein et al., 1997) . For their LMD model experiments, Ramstein et al. (1997) and Fluteau et al. (1999) , however, used present-day sea-surface temperatures. With the AGCM GENESIS coupled to a slab ocean model, Dutton and Barron (1997) investigated the climatic effects of the Early Miocene vegetation which was primarily characterised by a larger area of forest than today. This study demonstrates that the Early Miocene vegetation warms particularly polar regions as compared to the modern vegetation. Due to this fact, Dutton and Barron (1997) emphasised that the palaeovegetation contributed to reduce the equator-to-pole temperature gradient. However, as a sensitivity experiment, the study does not include an adapted palaeocean heat transport.
For the Tortonian (Late Miocene, ∼11 to 7 Ma), a model experiment with the AGCM ECHAM4 coupled to a mixed-layer (ML) ocean model considers a generally lower palaeorography and a relatively weak palaeocean heat transport (Steppuhn et al., 2006) . The Tortonian model simulation with ECHAM4/ML demonstrates that a lower Late Miocene Greenland tends to increase temperatures in polar regions and represents a weaker meridional temperature gradient as compared to today. However, the reduced palaeocean heat transport leads to a cooling in the North Atlantic/European realm which tends to be inconsistent with proxy data. A quantitative comparison of the Tortonian run with terrestrial proxy data indicates that higher latitudes in particular are too cool and that the equator-to-pole temperature gradient was too steep in the Tortonian model run (Steppuhn et al., 2006) . Steppuhn et al. (2006, in press) used the modern vegetation, but it is known that the amount of forest was generally larger than today and that boreal forests extend far more towards the high latitudes (e.g. Mai, 1995) .
So far, the Miocene climate with its weak meridional temperature gradient is still not sufficiently understood (e.g. Dutton and Barron, 1997; Crowley and Zachos, 2000; Steppuhn et al., 2006, in press ). The existing Miocene climate model simulations are mostly qualitatively validated with proxy data (e.g. Dutton and Barron, 1997; Steppuhn et al., 2006) , but quantitative comparisons of model results and proxy data are rare. In fact, the intention of sensitivity experiments is to analyse climate processes and for this reason they are not necessarily realistic. However, in order to estimate how reliable Miocene climate model simulations and, thus, our understanding of the Miocene climate are, we need a detailed comparison of model results and proxy data.
For the Late Miocene, Steppuhn et al. (in press ) presented a method to compare model results and proxy data quantitatively which indicated weak points in their Tortonian model simulation in terms of numbers. We now analyse the differences between the simulated Tortonian and present-day climate, which included an appropriate palaeorography, an adapted palaeocean heat transport and the palaeovegetation. In order to estimate how good and how complete our understanding of the Tortonian is, we quantitatively validate the Tortonian model results with terrestrial climate proxy data.
The setup of the Tortonian model simulation with ECHAM4/ML
For the Tortonian model experiment, we use the AGCM ECHAM4 (Roeckner et al., 1992; DKRZ Modellbetreuungsgruppe, 1994; Roeckner et al., 1996; DKRZ Modellbetreuungsgruppe, 1997) , which is coupled to a constant depth 50 m-mixed-layer ocean model (ML). The spectral ECHAM4/ML model has a horizontal resolution of T30 (3.75°× 3.75°) and 19 layers represent the vertical domain using the hybrid sigma-pressure coordinate system. The ECHAM4 model uses the 'dry dynamics' spectral transform method, but it has a shape preserving the semi-Lagrangian scheme for the advection of water vapour and cloud water. Amongst other routines, ECHAM4 includes a radiation-transfer and a land-surface scheme (e.g. Roeckner et al., 1996) . In order to adapt ECHAM4/ML to the Tortonian, we take the geographic and topographic configuration, the ocean heat transport and the atmospheric CO 2 from a preceding Tortonian model experiment with ECHAMM4/ML (Steppuhn et al., 2006) . However, Steppuhn et al. (2006) used the presentday vegetation, whereas our model run includes a proxybased reconstruction of the Tortonian vegetation ( Fig. 1 ) (Micheels, 2003) .
The ocean circulation in the Miocene is basically comparable to the modern one, but with some modifications (e.g. Mikolajewicz et al., 1993; Mikolajewicz and Crowley, 1997; Steppuhn et al., 2006) . Ocean modelling studies indicate that due to an open Central American Isthmus the thermohaline circulation of the North Atlantic Ocean was weaker in the Miocene (e.g. MaierReimer et al., 1990; Mikolajewicz et al., 1993) . The open isthmus led to an exchange of water masses between the higher saline Atlantic Ocean and the lower saline Pacific Ocean water. This dilution caused a weaker than present North Atlantic Deep Water formation and the Miocene poleward heat transport in the North Atlantic was less efficient than today (Mikolajewicz and Crowley, 1997) . In the Latest Miocene/Early Pliocene, the closed Central American Isthmus inhibited a salinity exchange between the Atlantic and the Pacific Ocean and the North Atlantic circulation intensified (Maier-Reimer et al., 1990; Mikolajewicz and Crowley, 1997; Kim and Crowley, 2000) . In order to consider an appropriate Late Miocene ocean heat transport in ECHAM4/ML, Steppuhn et al. (2006) established a method to adapt the flux correction of the slab ocean model which is based on oxygen isotope data. Consistent with Miocene ocean model studies (e.g. Mikolajewicz et al., 1993) , the reconstructed palaeo-flux correction represents a generally weaker than present oceanic heat transport.
Regarding the palaeogeography, the method to adjust the palaeo-flux includes the constraint that the palaeoland-sea distribution has to be the same as today (Steppuhn et al., 2006) . Hence, for our Tortonian model run we do not adapt the land-sea distribution. However, it is known that there were just minor plate tectonic movements since the Late Miocene (e.g. Ruddiman and Kutzbach, 1989; Prell and Kutzbach, 1992; Ramstein et al., 1997) . In addition, the model resolution is too coarse to resolve specific geographic differences between the Tortonian and the present-day situation. For example, the formerly open Central American Isthmus caused a weaker than present thermohaline circulation in the North Atlantic (e.g. Mikolajewicz et al., 1993) , but due to the coarse T30 land-sea distribution of the ECHAM model even present-day simulations include an open Central American Isthmus. For Tortonian AGCM simulations, it is hence justified to use the modern T30 land-sea mask as an approximation of the palaeogeography.
Despite the unchanged geography we, however, use an adapted palaeorography (Kuhlemann, pers. comm.) for our Tortonian simulation (Steppuhn et al., 2006) . The altitude of the high mountain ranges was generally lower than today. The most important features concern the elevation of the Tibetan Plateau and Greenland in the Miocene. There exist several studies (e.g. Molnar et al., 1993; Wang et al., 1999) which discussed the uplift of the Tibetan Plateau during the Neogene giving different estimations of its mean elevation in the Late Miocene. Specifically for its southern part, Spicer et al. (2003) propose that the Tibetan Plateau was as high as today since the last 15 Ma. The coarse resolution of the ECHAM model, however, prevents the representation of smaller-scale orographic patterns. According to e.g. Prell and Kutzbach (1992) , we assume that the palaeoelevation of the Tibetan Plateau was just half of the present-day's elevation. Based on isostatic assumptions the ice-free Greenland landmass is calculated to have been about a tenth of its modern altitude. The palaeotopographic reconstruction used here is basically consistent with others (e.g. Ruddiman et al., 1997) which are used for Miocene model experiments (e.g. Fluteau et al., 1999; Kutzbach and Behling, 2004) .
In contrast to Steppuhn et al. (2006) , who used the modern vegetation distribution, we use an adjusted Tortonian vegetation (Micheels, 2003) . It should be emphasised that the climate response on the palaeovegetation is given by the difference between the Tortonian run including the palaeovegetation (this study) and the previous Tortonian run with modern vegetation (Steppuhn et al., 2006) . The proxy-based reconstruction of the palaeovegetation (Fig. 1) indicates a generally larger area of forest and less desert. Consistent with other Miocene studies (e.g. Heer, 1868; Wolfe, 1985) , Micheels (2003) , for instance, found that the Tortonian boreal forests extended far more towards high latitudes than today. For North Africa, Micheels (2003) assumed that no Sahara sand desert existed during the Miocene so that the tropical savannas and grasslands covered larger areas than today. Other studies also proposed that the Sahara area was largely covered by forests until the Late Miocene (e.g. van Zinderen Bakker and Mercer, 1986; Pickford, 2000; Willis and McElwain, 2002) . Le Houerou (1997) suggested that the Sahara desert did not exist before the Pliocene. In particular, there prevailed xerophytic vegetation in the area of the modern southern Sahara desert (Le Houerou, 1997) .
We complete the Tortonian model setup with prescribing an atmospheric CO 2 concentration of 353 ppm (cf. (New et al., 1999 ) using the biome model of Prentice et al. (1992) taken from Micheels (2003) . Steppuhn et al., 2006) which is the same as for the presentday control experiment (Roeckner et al., 1992; DKRZ Modellbetreuungsgruppe, 1994; Roeckner et al., 1996; DKRZ Modellbetreuungsgruppe, 1997) . Our assumption of the Tortonian CO 2 concentration being at (or close to) present-day's conditions is consistent with published estimations of the Late Miocene carbon dioxide (e.g. Pagani et al., 1999; Pearson and Palmer, 2000) .
With the specified boundary conditions we perform a 20-year model integration and for our analysis we use the average of the last 10 simulations years. In the following, the palaeosimulation is referred to as the Tortonian run and the present-day reference simulation is named the PD control run. In order to test if differences between the simulations (Tortonian run minus PD control run) are statistically significant, we use a Student's t-test (e.g. Von Storch and Zwiers, 1999) with the level of significance set to p = 0.05. For the figures presented in the following, one should note that we choose grey shading for nonsignificant anomalies.
3. The Tortonian model simulation as compared to the present-day control run 3.1. The global and zonal average temperature
The Tortonian run demonstrates a global temperature increase of +0.6°C (Table 1 ) as compared to the control run in which the contribution of the palaeovegetation is +0.9°C. Due to the warmer conditions in the Tortonian simulation, the sea ice volume generally decreases as compared to nowadays. However, in the Southern Hemisphere the temperature increase in the Tortonian run during summer (+0.5°C) and winter (+0.2°C) is less pronounced than in the Northern Hemisphere (summer: +1.0°C, winter: +1.1°C). Consequently the sea ice in the Tortonian run is reduced in the Northern Hemisphere (−4×10 12 m 3 ), while the Southern Hemisphere's ice volume is almost unchanged as compared to present-day's conditions. However, the Tortonian simulation still indicates sea ice cover throughout the year on both hemispheres.
According to the global pattern, the zonal average temperature (Fig. 2) of the Tortonian run does not indicate a large difference from the control experiment on the Southern Hemisphere. In the high southern latitudes, we observe temperature differences of about +0.2°C between the two runs. Proceeding farther towards the equator the Tortonian run gets continuously warmer than the control run (+0.8°C). In the northern low latitudes, the Tortonian run is moderately warmer than the PD control run, but at 35°N the Tortonian run has a distinct peak of about +2.2°C as compared to the control experiment. North of this peak, the temperature difference between both runs rapidly declines and at 40°N the difference reaches zero. Farther poleward, the temperature strongly increases in the Tortonian run and reaches a maximum peak (+3.8°C) at around 75°N as compared to the control simulation. Farther towards the north pole, the temperature difference declines again, but at 90°N the difference still lies at about +2.2°C in relation to the PD control run. In the Northern Hemisphere, the equator-to-pole temperature gradient is about −3.1°C weaker in the Tortonian run as compared to the PD control run. About half of this reduction of the meridional temperature gradient in the Tortonian simulation can be attributed to the palaeovegetation (−1.6°C). Fig. 3 shows the spatial patterns of the mean annual temperature differences between the Tortonian run and the control experiment. For Greenland and the Himalayan, the The previous Tortonian run with modern vegetation (Steppuhn et al., 2006) and its differences to our Tortonian run (palaeovegetation effects) are also represented. Temperature averages are shown globally and for both hemispheres, respectively.
Regional temperature patterns
lower elevation in the Tortonian run leads to a temperature rise of more than +15°C as compared to today ( Fig. 3 ) which fits with Steppuhn et al.'s (2006) previous Tortonian simulation. In the lower latitudes, modest warming (+0.5°C to +1°C) occurs in our Tortonian run. For the mid-latitudes, the mean annual temperatures are almost equal or slightly lower than today (−0.5°C) in the Tortonian run. In Europe, we thus find that the palaeovegetation in our Tortonian run partly compensates for the cooling effects of the weak palaeocean heat transport as demonstrated by Steppuhn et al. (2006) . For the Northern flank of the Tibetan Plateau, we observe cooler conditions (−2°C) than today from the Tortonian run (Fig. 3) . During the Tortonian, parts of Southern Europe and North Africa are warmer by +0.5°C to +1°C as compared to the PD control simulation. This warming is mostly attributed to the replacement of the modern Sahara desert with grassland in the Tortonian (cf. Fig. 1 ) when considering Steppuhn et al. 's (2006) and our Tortonian run. In the high latitudes, the Tortonian run represents generally warmer conditions than today (Fig. 3 ). Particularly for Siberia and Alaska, the Tortonian model experiment demonstrates a difference of +2°C to +4°C with respect to present-day's conditions. The large extension of Tortonian boreal forests (instead of the modern tundra vegetation) explains about +1°C to +2°C of the temperature increases in the high latitudes of the Tortonian run.
Global averages of precipitation and evapotranspiration
For the Tortonian, Table 2 indicates that the global average precipitation (p tot ) and evapotranspiration (E) increase by + 27 mm/a as compared to the PD control run. The enhanced water cycle in the Tortonian run corresponds to the warmer conditions as compared to today. The more humid conditions in the Tortonian run are much affected (+ 36 mm/a) by the palaeovegetation (Table 1) . Over ocean surfaces, the global precipitation (+ 3 mm/a) and evapotranspiration (+ 11 mm/a) are less affected in the Tortonian simulation, whereas we observe higher rates (Δp tot = + 89 mm/a and ΔE = + 69 mm/a) over continental areas as compared to today. Globally Table 2 indicates that conditions over land surfaces differ more than those over the oceans. The difference of precipitation minus evapotranspiration (Δp tot − ΔE) is negative over the oceans (− 8 mm/a) for the Tortonian as compared to nowadays (Table 2 ). In Table 2 The annual averages of the precipitation, p tot [mm/a] 
The averages are shown globally, for both hemispheres, and split into land and sea, respectively. contrast land surfaces demonstrate more humid conditions than today (+ 20 mm/a). Hence the global budget in Table 2 indicates an increased moisture transport from the oceans towards land surfaces in the Tortonian.
The zonal average precipitation and evapotranspiration
The global precipitation and evapotranspiration patterns increase in the Tortonian run. However, the zonal average differences of both precipitation and evapotranspiration reveal a more sophisticated pattern (Fig. 4) . In the equatorial region, the zonal average precipitation increases (+ 120 mm/a) in the Tortonian run, but decreases (− 40 mm/a) in the subtropics as compared to the control experiment. Proceeding farther towards the mid-and high latitudes, the precipitation of the Tortonian model experiment is higher than today and Fig. 4 also illustrates that increased rates are more pronounced in the Northern (+ 80 mm/a) than in the Southern Hemisphere (+ 60 mm/a). Fig. 4 shows that the Tortonian evapotranspiration rate is generally higher than in the PD control run. These differences in the evapotranspiration have smaller amplitude than those of the precipitation. At around 40°N, the Tortonian run indicates a reduced evapotranspiration rate (− 25 mm/a), whereas in tropical regions between 30°S and 30°N the evapotranspiration is higher by + 40 mm/a to + 75 mm/a as compared to the presentday's control run (Fig. 4) . In mid-and high latitudes, the evapotranspiration increases are about + 20 mm/a to +40 mm/a as compared to nowadays. The differences between the zonal average precipitation and evapotranspiration (Fig. 4) indicate more humid conditions (a water excess) in the tropical and mid-to high latitudes in the Tortonian run. In contrast the subtropical regions are more arid (a water deficit) as compared to the PD control run.
Regional precipitation and evaporation patterns
Comparing the precipitation differences over the oceans for both the Tortonian and the control run there are hardly any significant variations (Fig. 5a ). Generally the precipitation tends to decrease (− 200 mm/a) over ocean surfaces in the Tortonian run as compared to the PD reference simulation. However, equatorial ocean areas indicate more humid (+ 200 mm/a) conditions than today. For the North Atlantic west of Europe we also observe higher precipitation (+ 100 mm/a) in the Tortonian simulation, whereas the region of the subtropical Atlantic Ocean east of North America tends to be significantly more arid (− 200 mm/a) than today.
The spatial pattern of the annual precipitation (Fig. 5a ) illustrates a general trend of precipitation increases over continental areas in the Tortonian run when compared to the PD reference simulation. For North Africa, the precipitation rate is most strongly enhanced (+ 500 mm/a) in the Tortonian run as compared to the present-day simulation. Considering Steppuhn et al.'s (2006) and our Tortonian run, this high increase is mostly an effect of the palaeovegetation (+ 400 mm/a). For Greenland with its reduced palaeoelevation, the Tortonian precipitation is + 200 mm/a higher than nowadays (Fig. 5a ), but the contribution of the palaeovegetation (+ 50 mm/a) is less than for North Africa. Focusing on the Himalayan region, the Tortonian rainfall is not affected significantly, but the conditions tend to be slightly more arid than today which indicates a weaker than present monsoon system in the Tortonian simulation.
Corresponding to the precipitation changes, the annual evapotranspiration increases in the Tortonian run as compared to the PD control simulation (Fig. 5b) . When comparing our Tortonian run with Steppuhn et al. (2006) , we attribute evaporation increases mostly to the changes of the vegetation. In North Africa, the evapotranspiration rate is + 300 mm/a higher than today, which is almost completely attributed to the effects of the palaeovegetation. For ocean surfaces, the evapotranspiration patterns of the Tortonian run and the control run do not differ much. Ocean surfaces of the equatorial region demonstrate increases in evaporation of just about + 100 mm/a as compared to the presentday's situation ( Fig. 5b) . For the regions of the Gulf Stream and the Kuroshio Current, evaporation rates are reduced by −100 mm/a to − 200 mm/a in the Tortonian run, which is similarly shown for the precipitation in this region (cf. above). In equatorial latitudes as well as in the high latitudes, the net balance of precipitation minus evapotranspiration (Fig. 5c ) represents more humid (+ 100 mm/a to +300 mm/a) conditions in the Tortonian run. For ocean surfaces of the mid-latitudes we contrarily observe more arid (− 100 mm/a to −200 mm/a) conditions than today (Fig. 5c) . simulated mean annual temperature (MAT) and the annual precipitation (MAP) with terrestrial proxy data of the Tortonian.
In this study, quantitative proxy data primarily come from micro-(pollen and spores) and macro-botanical (leaves, fruits and seeds) fossils using the coexistence approach . The coexistence approach (CA) assumes that climatic requirements of a fossil taxon are comparable to those of the Recent nearest living relative taxon. The joint intersection of all climate intervals of the fossil flora defines the coexistence interval with a specific minimum-maximum range for climate parameters such as MAT. As in Steppuhn et al. ( in press), we take climate proxy data from studies of Bruch (1998) , Utescher et al. (2000) , Kvacek et al. (2002 ), and Bruch et al. (2004 , which use the coexistence approach. Additionally, the CA is applied to other published flora lists (cf. Steppuhn et al., in press ). Finally, we complete the data base by including quantitative climate data from the literature (Martin, 1990; Wolfe, 1994a,b; Mai, 1995; Jacobs and Deino, 1996; Martin, 1998; Graham, 1999; Jacobs, 1999) which use other techniques for the reconstruction of palaeoclimate data. However, these studies do not provide a climate range. For this reason we assume a standard error of ±1°C for MAT and of ±100 mm/a for MAP to construct a climate range which is comparable to the CA. The full data base of quantitative Tortonian proxy data which we use for our model-proxy comparison is given in Steppuhn et al. (in press) . The data set is also available from the corresponding author.
Climate model experiments usually use climatological averages (cf. Section 3). However, from our Tortonian 10-year model integration we now take the minimum and the maximum values to define climate intervals of the simulated MAT and MAP, respectively. If the climate range of the model run overlaps the proxy-based climate interval, the difference (ΔMAT, ΔMAP) is equal to zero. However, if both intervals do not overlap, positive/ negative differences indicate that the Tortonian model run is too warm/too cool or too humid/too arid as compared to proxy data. In Fig. 6 , we present the zonal average temperature of the Tortonian run as compared to proxy data. Fig. 7 illustrates the regional patterns of the comparison of the Tortonian model results and terrestrial proxy data for the mean annual temperature and the annual precipitation, respectively. We also show (Fig. 8) the comparison of the previous Tortonian run (Steppuhn et al., 2006) with proxy data (Steppuhn et al., in press) to illustrate that the palaeovegetation contributes to more (or less) consistent model results in our Tortonian run. The average difference for all localities demonstrates that the Tortonian model run tends to represent globally cooler conditions than proxy data suggest ( P DMAT ¼ À2:4 -C). For the previous Tortonian run (Steppuhn et al., in press), the overall agreement with proxy data was worse ( P DMAT ¼ À3:5 -C) than in our study. Thus, the palaeovegetation significantly contributes to improve the model results. When focusing on the zonal average temperature (Fig. 6) , in the tropics and subtropics we observe that the Tortonian simulation is about +5°C too warm, but proxy data are quite rare in the equatorial region. In the high latitudes, the model run is generally too cool as compared to proxy data. Hence, Fig. 6 indicates that the meridional temperature gradient is too steep in the Tortonian simulation. Regarding the latitudes at around 35°N to 45°N, the Tortonian simulation and proxy data are quite consistent. However, the zonal average temperatures of both the Tortonian run and the PD control run do not differ very much (Fig. 6) , which indicates that the Tortonian simulation is too close to the modern conditions.
Considering the spatial temperature differences (Fig. 7a) between the model results and proxy data, the Tortonian run demonstrates a more consistent pattern to the proxy indicators than the previous Tortonian run (Fig. 8a) (Steppuhn et al., in press ). However, the North Atlantic region tends to be cooler than the proxy data (Fig. 7a) . Particularly in the north-western part of the Pacific region, we observe that our Tortonian run is much to cold (−10°C) as compared to proxy indicators. This indicates that the reduced northward ocean heat transport can be slightly unrealistic in the model setup. For the high latitudes in the NE-Pacific region, our Tortonian simulation (Fig. 7a) demonstrates a better performance than the previous Tortonian run (Fig. 8a) of Steppuhn et al. (2006, in press ). Hence, the palaeovegetation contributes to better represent the high latitudes.
For Europe, where most quantitative proxy data are available, the Mediterranean region such as Crete is slightly warmer (+1°C) in the Tortonian run than suggested by proxy data (Fig. 7a) . However, the preceding model experiment indicates a slightly more consistent pattern compared with proxy data (Fig. 8a) . In the Balkan region, the Tortonian run agrees with proxy data. Basically the southern parts of Europe tend to be consistent with proxy data in the Tortonian model experiment. In contrast, the temperatures of Central Europe and particularly of the Alpine realm are underestimated by −6.7°C as compared to proxy data. As compared to the previous Tortonian simulation (Fig. 8a) , our model results are, however, closer to proxy data. In the Alpine region, the discrepancies in the model results can be linked to a weak representation of the palaeorography in the model, which is not sufficiently able to resolve small-scale topographic effects. Moreover, the too cool Central Europe can also be related to a too weak ocean heat transport as it can be similarly assumed for the North Pacific region (cf. above).
The annual precipitation MAP
Concerning the global precipitation, our Tortonian model simulation represents slightly more arid conditions ( P DMAP ¼ À42 mm=a) as compared to proxy data. For the preceding Tortonian run, the overall precipitation difference to proxy data is almost the same ( P DMAP ¼ À43 mm=a). Fig. 7b illustrates that the annual precipitation of specific regions is largely in agreement with proxy data. With respect to the previous model experiment (Fig. 8b) , the precipitation patterns of both simulations as compared to proxy data demonstrate almost no differences. The lower mid-latitudes of both hemispheres (30°to 40°) tend to be still too arid in our Tortonian run as compared to proxy data. For Australia, too arid conditions can be explained by its present-day position in our model, whereas it is known that it was located during the Tortonian farther in the south than today (e.g. Hill et al., 1999) . Contrarily, the tropics are too humid in both model experiments. In New Guinea, the discrepancy between model and proxy data exceeds +2200 mm/a which can indicate a systematic weak point in the model parameterisation of convective processes.
The qualitative validation of the Tortonian model run
The data base of quantitative Miocene climate proxies still does not sufficiently cover the globe. For this reason we extend the model validation to some selected regions using qualitative climate information of various studies.
Europe
For the Mediterranean region, the Tortonian run represents some warmer and drier conditions than today (cf. Section 3). Consistently, proxy data suggest a temperate climate during the latest Tortonian in the south of the Iberian Peninsula (Brachert et al., 1996) . During the Late Miocene, the north-eastern part of Spain is a transitional region from a temperate humid to a subtropical dry climate (Alonzo-Zarza and Calvo, 2000) . For central and northern Italy during the Late Tortonian, Bertini (1994) found indications of subtropical to warm temperate conditions which shift to a warm temperate climate during the Zanclean. Before 10.5 and after 8.5 Ma, fossil small mammals from Spain indicate more arid and warmer conditions (van Dam and Weltje, 1999) . This is consistent with the Tortonian model simulation. However, Spain is more humid and cooler between 10.5 and 8.5 Ma (van Dam and Weltje, 1999) which tends to be a conflict with the model run.
For Central Europe, the Tortonian run indicates a climate which is almost as warm as today but more humid (cf. Section 3). During the Late Miocene a transition from a warm and dry Southern European climate to a wet-dry seasonal climate in Northern Europe occurs (van Dam and Weltje, 1999) , which agrees with the Tortonian run. For the European realm, the comparison of model results and proxy data indicates that the Tortonian model experiment tends to better represent the late Tortonian than the early part.
North America
For the mid-latitudes of the North American continent, the Tortonian run represents almost the same mean annual temperature than today but rainfalls are higher (cf. Section 3). The mammal fauna of North America (Fox, 2000) indicates a change from a low seasonal Early Miocene climate towards a more highly seasonal climate during the Late Miocene. Fox (2000) demonstrated an increase in aridity in North America during the Late Miocene with a distinct wet season. This pattern is not observed in our Tortonian run. For the east coast of North America during the Late Miocene, the climate was intermediate between warm temperate and cool temperate conditions (McCartan et al., 1990) . The absence of subtropical evergreen elements for this Late Miocene locality can hint on Arctic cold fronts and, hence, on similar-topresent climate conditions in the eastern part of North America. This qualitatively agrees with the Tortonian run. Since the end of the Middle Miocene the summer temperatures of North America decrease (Wolfe, 1994a) and coastal regions of western North America at around 13 Ma indicate some higher MATs than the interior of the North American continent (Wolfe, 1994a) . Basically this is consistent with the Tortonian run.
In the high latitudes, generally warmer climatic conditions are observed in our Tortonian run as compared to the PD control run (cf. Section 3). However, these temperatures are still lower than proxy data suggest (cf. Section 4.2). From 12 to 8 Ma, temperatures decline in Alaska (Wolfe, 1994b) . During this period, the decreasing summer temperatures in the Alaska region are more affected than the winter temperatures (Wolfe, 1994b) . At about 6 to 5 Ma, the Alaska summer temperatures are almost the same as today (Wolfe, 1994b) . For Canada and Alaska between 9.7 and 5.7 Ma, White et al. (1997) suggest a cooling trend. In Beringia, the Late Miocene mean annual temperatures are +2°C to +4°C higher than nowadays (Wolfe, 1994b) . This temperature difference is consistent with the difference between the Tortonian and the Recent Control run (cf. Section 3).
Asia
In the Tortonian model experiment the Asian summer monsoon tends to be weaker than today representing warmer and more arid conditions in southern parts of Asia. Primarily the lower elevation of the Miocene Tibetan Plateau causes the overall weakening of the monsoon (Steppuhn et al., 2006) . Consistent with a weak Miocene monsoon in our model run, Griffin (2002) suggested that the Asian monsoon began at 8 to 7 Ma, and Wang et al. (1999) concluded that the Asian monsoon intensified at 8 to 7 Ma which led to a drying of the Quaidam Basin and northern Pakistan. Our Tortonian run represents a weaker than present monsoon, but the palaeovegetation partly contributes to strengthen the Asian monsoon rainfalls during the summer season. Sakai (1997) consistently reported that the Asian summer monsoon existed prior to 10 Ma. Moreover, Ding et al. (1999) found that the summer monsoon was possibly stronger than during the Holocene. Our Tortonian model simulations indicate that this observation can be attributed to the palaeovegetation. Overall, the Asian monsoon in the Tortonian run is qualitatively consistent with proxy data.
South America
For South America, the Tortonian run suggests slightly warmer and more humid conditions than today (cf. Section 3). δ 13 C values of fossil mammal teeth from the Bolivian Andes at around 10 Ma give evidence of widespread grasslands with temperate or even tropical elements (MacFadden et al., 1994) . In the Central Andes at the same time, the terrigenous influx to the Amazon fan increased (Gregory-Wodzicki, 2000) which corresponds to higher rainfalls in this region as also represented in the Tortonian run (cf. Section 3). Seasonally dry forests grew in the Ecuadorian Andes at around 13 to 10 Ma (Burnham and Carranco, 2004) , but this does not fit with the higher precipitation rate in the Tortonian run. For the Atacama Desert between 14.7 and 8.7 Ma, proxy data indicate an onset of aridity with a transition to hyperarid conditions (Gregory-Wodzicki, 2000) . Such arid conditions are consistently illustrated from the Tortonian run.
Australia
Australia is almost as warm as today in the Tortonian simulation (cf. Section 3). The model experiment also demonstrates higher rainfall rates than today, but the model represents still too dry conditions as compared to southern Australian quantitative proxy data (cf. Section 4.2). Late Miocene carbonate deposits at the north-east of Australia indicate non-tropical conditions (Betzler, 1997) . For north-east Australia, Betzler et al. (1995) proposed surface water temperatures of about 17°C to 19°C from the absence of coral reef growth. Inconsistent with these proxy data, we do not observe these cooler conditions from the Tortonian model simulation. Too arid and too cool conditions in our model run can be related to the present-day palaeogeography in our model run which does not consider that Australia was located farther southward in the Miocene (e.g. Hill et al., 1999) .
The Northern Hemisphere's ice cover
On the Northern Hemisphere, the Tortonian run demonstrates a lower amount of sea ice as compared to the PD control run (cf. Section 3). Consistently, Miocene proxy data indicate that the Arctic sea ice volume is less than today (Wolf and Thiede, 1991) , but so far detailed information about the Miocene Arctic ice cover does not exist (Schaeffer and Spiegler, 1986; Thiede et al., 1998) . During the Late Pliocene (3.5 to 2.4 Ma), a successive onset of a large-scale glaciation of the Atlantic Ocean occurred (Kleiven et al., 2002) . However, Helland and Holmes (1997) found indications that the North Atlantic and Greenland glaciation began earlier at around 11 Ma, which is consistent with the presence of sea ice throughout the year in the Tortonian run. Moran et al. (2006) recently published that there is evidence for (at least seasonal) sea ice in the Arctic Ocean at 14 Ma. This study also generally supports results of our Tortonian run. However, the validation with terrestrial proxy data indicates that the model run is too cool in higher latitudes (cf. above). For this reason, the Arctic sea ice cover can still be overestimated in the model simulation.
Discussion
In order to better understand the Tortonian climate, we present a Tortonian simulation with the highly complex atmospheric general circulation model ECHAM4/ML. Generally climate models include some systematic weak points. In the ECHAM model, e.g. the vegetation is parameterised as a non-dynamical system (e.g. Roeckner et al., 1992 Roeckner et al., , 1996 . Despite some weak points, the ECHAM model, however, shows a quite good performance when applied to the present-day situation and to the Quaternary (e.g. Latif and Neelin, 1994; Lorenz et al., 1996; Montoya et al., 1998) .
Our study is based on a preceding Tortonian model run (Steppuhn et al., 2006) which used a weaker than present palaeocean heat transport and a lower palaeoelevation. In addition, our Tortonian model experiment includes an appropriate palaeovegetation (Micheels, 2003) . From our Tortonian run, we observe a polar warming which is attributed to the lower Greenland elevation and to the effects of the palaeovegetation. Basically these results correspond to other Miocene modelling studies (e.g. Dutton and Barron, 1997; Kutzbach and Behling, 2004) . In an Early Miocene sensitivity experiment, Dutton and Barron (1997) found that the higher forest cover as compared to today caused polar warming and this reduced the meridional temperature gradient. This was not shown in Steppuhn et al.'s (2006) Tortonian run, but fits with our model run. With respect to the lower Tibetan Plateau during the Miocene, the Tortonian run demonstrates a weaker than present Asian monsoon. Consistent with our study, AGCM sensitivity experiments address the strengthening of the Asian monsoon during the last 30 Ma to the uplift of the Tibetan Plateau (Ramstein et al., 1997; Fluteau et al., 1999) . We thus claim that the Tortonian run generally agrees with results of previous Miocene model experiments.
In order to analyse if our Tortonian modelling results fit not only with other model data but are also consistent with the fossil record, we quantitatively compare the results of the Tortonian run with climate proxy data. However, the poor Miocene data base (Mosbrugger and Schilling, 1992 ) is a major problem for validating model results. For many parts of the globe, quantitative Tortonian proxy data are still not sufficiently available and hence model results can be validated only for selected regions. However, there remains the question if single proxy data localities can be representative for a whole model grid cell. Due to the limited resolution, climate models use parameterisations for small-scale effects such as the cumulus convection scheme of the ECHAM model (Roeckner et al., 1996) , which includes some uncertainties. In addition, the Tortonian (11 to 7 Ma) corresponds to a time span of about 4 million years and the Tortonian model run represents an average state over the entire period. Due to this integration, it is not trivial to compare model results with proxy data. Regarding the palaeoclimate information, studies can differ as they refer to specific time intervals within the Tortonian (e.g. van Dam and Weltje, 1999). For instance, an eastern Iceland locality, which is dated between 10.3 and 9.5 Ma (Mudie and Helgason, 1983) , tends to be consistent to the Tortonian run. Contrarily a more western Iceland locality with an age of 11 to 5.3 Ma (Mai, 1995) indicates a warmer situation than the Tortonian run. With regard to European proxy data (e.g. van Dam and Weltje, 1999) we observe that the Tortonian run tends to correspond rather more to the Late Tortonian than to earlier parts of the time interval.
Generally, proxy-based methods for climate reconstructions such as CLAMP (Wolfe, 1993) or CA include uncertainties. The CLAMP method is calibrated on climate observations and leaf distributions predominantly from North America and Eastern Asia (Wolfe, 1993) . However, when applied to Miocene floras from Europe (e.g. Mosbrugger and Utescher, 1997; Utescher et al., 2000; Kvacek et al., 2002; Uhl et al., 2006) and even Asia (Liang et al., 2003) , the CLAMP method produces systematically lower mean annual temperatures than the CA. Nevertheless, for North American floras CLAMP achieves reasonable results (e.g. Wolfe, 1993 Wolfe, , 1994a and, if CLAMP underestimates the MAT in this region, the discrepancies between the Tortonian run and proxy data would be even greater.
The coexistence approach (Mosbrugger and Utescher, 1997) also includes uncertainties. During the Cretaceous or the Eocene the tropics are warmer than present (e.g. Pearson et al., 2001 ), but modern plant communities can only represent present-day climatic conditions. From the relationship between modern and fossil plants, it is not possible to estimate the upper temperature limit of such 'supertropic' palaeosituations. The CA cannot be applied to situations whose conditions are not found today. But as the Late Miocene climate is quite similar to the modern situation (Bruch, 1998) , this argument does not apply for the present study. However, it can be difficult to find a nearest living relative and consequently the climate interval of a particular taxon can be (more or less) incorrect. The CA uses the joint intersection interval of all taxa, which keeps single errors small. The CA demonstrates its capability for palaeoclimate reconstructions for the European and Asian Neogene Bruch, 1998; Utescher et al., 2000; Bruch and Mosbrugger, 2002; Kvacek et al., 2002; Liang et al., 2003; Uhl et al., 2003) .
Despite shortcomings of different techniques, the methods used here for the quantitative estimation of palaeoclimate data produce quite consistent patterns (e.g. Wolfe, 1994a,b; Kvacek et al., 2002; Liang et al., 2003; Uhl et al., 2003) . For this reason they offer the possibility to test the reliability of model results. When compared to proxy data, our Tortonian run demonstrates more realistic results than the preceding Tortonian run of Steppuhn et al. (2006, in press ). For instance, on the global scale our Tortonian run is −2.4°C too cool as compared to proxy data, whereas Steppuhn et al.'s (2006, in press ) Tortonian run demonstrates a difference of −3.5°C. Thus, the palaeovegetation significantly contributes to improvement of the model results.
Nevertheless, there still remain some discrepancies between our Tortonian run and proxy data. Our Tortonian simulation tends to be too cool in the high latitudes and the meridional temperature gradient is thus not as weak as proxy data suggest (cf. Section 4). However, for Beringia our Tortonian run presents a temperature difference of +2°C to +4°C as compared to the control run (cf. Section 3) which is consistently (+2°C to +4°C) suggested from proxy data (Wolfe, 1994b) . With respect to the precipitation patterns in tropical latitudes, the differences are reasonable between the Tortonian run and the PD control run (cf. Section 3), but tropical rainfalls are unrealistically high as compared to proxy data (cf. Section 4). For tropical areas, it is already known that the ECHAM4 model overestimates precipitation rates as compared to present-day observation data (Roeckner et al., 1996) . Our study indicates that the direct comparison of the Tortonian run with proxy data is problematic, but climate trends, the Tortonian minus control run and proxy data minus modern observation data, are quite consistent.
Our Tortonian model simulation still demonstrates some discrepancies to proxy data (cf. Section 4) which can be explained with weak points in the model setup. In particular the model validation demonstrates that the North Pacific region tends to be too cool in the Tortonian model simulation, whereas the North Atlantic region is quite well represented. This indicates that the adjusted palaeo-flux correction for the North Pacific can be unrealistic. Focusing on the effects of the closure of the Central American Isthmus, Mikolajewicz and Crowley (1997) observed that the thermohaline circulation in the North Atlantic Ocean was weaker than present which is basically consistent to our study. However, the same ocean model experiment demonstrated that the North Pacific surface circulation was almost unaffected by an open Central American Isthmus in the Late Miocene. This means that the ocean model represents (more or less) a present-day northward heat transport in the Pacific Ocean, whereas our prescribed palaeocean heat transport is noticeably weaker than today. For the high latitudes, almost all oxygen isotope data for the reconstruction of the palaeocean heat transport come from the North Atlantic region (Steppuhn et al., 2006) . The North Pacific is not well represented with δ 18 O data and due to this lack of information Steppuhn et al. (2006) can underestimate the northward heat transport in the Pacific Ocean. A strengthened heat transport in the Pacific Ocean, as compared to the prescribed weakened one, can produce some warmer conditions in the high latitudes of the Pacific region than being more consistent to proxy data. In addition to a possibly unrealistic palaeocean heat transport, the choice of the modern land-sea distribution can be responsible for discrepancies in the Tortonian run. For the Tortonian model setup we do not consider the Paratethys because the method to adjust the flux correction of the slab ocean model does not allow changing the geography (Steppuhn et al., 2006) . A sensitivity experiment of Ramstein et al. (1997) , however, demonstrated that the retreat of the Paratethys during the Cenozoic led to a cooling in Central Eurasia and particularly in Siberia. Moreover, the presence of the Paratethys contributes to a formerly more humid climate in Eastern Europe (Ramstein et al., 1997 ). In our model setup, we also neglect that the Australian continent was farther southward in the Miocene (e.g. Hill et al., 1999) . Since the Eocene, Australia shifted northward which partly explains the climate change as it is represented in the fossil record (Martin, 1998; Frakes, 1999; Hill et al., 1999) . In the Miocene, Australia was rather more in the temperate wet zone than near the boundary between the temperate wet and the tropical dry belt today which can explain the too arid conditions in our Tortonian run as compared to proxy data. In particular, model experiments demonstrated that both atmospheric and oceanic circulations are globally sensitive with respect to the position of Australia and the Indonesian Throughflow in the Cenozoic (e.g., Cane and Molnar, 2001; Lawver and Gahagan, 2003) . The Tortonian run includes the effects of a different-than-present ocean circulation as we use an adjusted Late Miocene flux correction based on δ 18 O isotope data (Steppuhn et al., 2006) , even though the method is limited (cf. above). The position of Australia is relevant for the atmospheric circulation (e.g., Cane and Molnar, 2001) . Hence, some discrepancies in our Tortonian simulation can be attributed to an inadequate geography such as the missing Paratethys and the presentday position of Australia in our Tortonian run.
Related to plate tectonic movements, the Late Miocene orography was different from the modern one (cf. Section 2). Basically, we reduce the palaeoelevation of the high mountain ranges such as the Tibetan Plateau. The estimation of palaeoaltitudes is not trivial (Ruddiman et al., 1997) . Several studies analysed the uplift of the Tibetan Plateau in the Neogene and gave different estimations of the elevation of the plateau (e.g. Molnar et al., 1993; Wang et al., 1999) . According to Prell and Kutzbach (1992) , we assume that the Tibetan Plateau was half as high as today. With respect to the southern part of Tibet, it is commonly accepted that it was already at the present-day's elevation since 15 Ma (Spicer et al., 2003) . This is, however, not represented in our model simulation. On the one hand, the model resolution of 3.75°is too coarse to resolve a detailed palaeorography. This makes it necessary to average the palaeotopography over a larger area. On the other hand, the spectral transformation method of the ECHAM model (e.g. Roeckner et al., 1992) leads to a slight smoothing effect of smaller-scale orographic patterns during our model integration. Primarily, we prescribed a Late Miocene palaeorography which is consistent with other studies (e.g. Ramstein et al., 1997; Kutzbach and Behling, 2004) .
We can also address some shortcomings of our Tortonian model experiment to the palaeovegetation. Although the number of localities for which floristic information is available is larger than the number of localities for which we have quantitative proxy-based climate-estimates, we do not have a complete worldwide coverage of palaeovegetational data (e.g. Mosbrugger and Schilling, 1992; Micheels, 2003) . This means that for large areas the palaeovegetation has to be interpolated based on the available floristic information and the distribution of modern vegetation. Also a certain amount of time averaging cannot be excluded which can also cause some inconsistencies in our palaeovegetational reconstruction.
To take the palaeovegetation into account in the model, we adapted the land-surface parameters such as the leaf area index. However, the surface roughness lengths remained unchanged and still refer to the presentday vegetation. There are some differences between the Tortonian and the modern vegetation, but Dutton and Barron (1996) emphasised that the climatic effects of varying roughness lengths due to vegetation changes are generally small as compared to the albedo effect and the effect on the hydrological cycle. In particular the water cycle plays a major role for the climate during the Earth's history (Barron et al., 1989) . For the ECHAM4 model, a sensitivity experiment demonstrates a strong climatic sensitivity on variations of the maximum available soil water capacity (Kleidon and Heimann, 2000) . Thus, the uncertainties of the adapted surface parameters such as the maximum available soil water capacity are more crucial than the unchanged roughness length.
In addition, not only the vegetation but also the palaeorography alter the surface roughness (Claussen, 1994) . Due to different biome types surface roughness lengths vary in the order of decimetres (Claussen, 1994) , but uncertainties of reconstructed palaeoelevations are larger. Particularly for mountainous regions vegetation as compared to orographic changes causes just minor variations of the surface roughness lengths (Claussen, 1994 ). An unrealistic representation of the climate in our Tortonian run can be attributed rather more to uncertainties in the palaeorography than to the unchanged vegetation roughness lengths.
Summary and conclusions
For the Tortonian we perform a model simulation with the AGCM ECHAM4 coupled to a slab ocean model. For the model setup we consider a generally weaker palaeocean heat transport and a lower palaeorography which are based on Steppuhn et al. (2006) . In addition to Steppuhn et al. (2006) , which included the present-day vegetation, we use a proxy-based reconstruction of the palaeovegetation to adapt the surface parameters (Micheels, 2003) . The land-sea distribution and the atmospheric CO 2 (= 353 ppm) refer to present-day conditions.
The Tortonian run is globally + 0.6°C warmer and the global precipitation is higher by + 27 mm/a than the PD control experiment. On the global scale the palaeovegetation significantly contributes to the warmer (+ 0.9°C) and more humid (+ 36 mm/a) conditions in the Tortonian run. As compared to today, the zonal average temperature increases particularly in the northern high latitudes (+ 3.5°C), whereas equatorial regions are just slightly warmer (+ 0.8°C) and the Southern Hemisphere is almost as warm as today. In the Northern Hemisphere the Tortonian run hence demonstrates a weaker than present meridional temperature gradient. The polar warming also tends to reduce the Arctic sea ice cover, but the Tortonian run indicates sea ice cover throughout the year.
On the regional scale, the lower altitudes of Greenland and the Tibetan Plateau cause mean annual temperatures being higher by about + 20°C. In the high northern latitudes, the boreal palaeoforests as compared to the modern tundra vegetation significantly contribute to warm polar regions (up to + 4°C) and to reduce the meridional temperature gradient in the Tortonian run. The lower palaeoelevation of the Tibetan Plateau weakens the Asian monsoon as compared to today. The palaeovegetation tends to strengthen the monsoon during the summer months, but the Asian monsoon is still weaker than today in the Tortonian run. For Europe, the weak palaeocean heat transport leads to a cooling effect which is partly compensated by the palaeovegetation. In the Tortonian simulation Europe is hence almost as warm as today.
From the Tortonian run we observe an enhanced hydrological cycle as compared to the PD control run. The precipitation in the Tortonian run increases primarily over continental areas, whereas over ocean surfaces conditions tend to be more arid than today. For North Africa, the annual rainfall is by about + 500 mm/a higher in the Tortonian run, and +400 mm/a can be attributed to the replacement of the modern Sahara desert with tropical savannas and grassland vegetation during the Tortonian. Over continental regions in the northern high and mid-latitudes, the precipitation rates increase by up to + 200 mm/a as compared to today. About the half (+ 50 to +100 mm/a) of the more humid conditions in the Tortonian run can be ascribed to the larger forest cover in the Tortonian.
We quantitatively compare the model results with terrestrial proxy data. Basically the Tortonian run is consistent with proxy data, but there are also some discrepancies. The average for all proxy data localities indicates that the Tortonian run tends to be too cool and too dry as compared to the fossil record. The model simulation is too cool primarily in the high latitudes and thus the meridional temperature gradient in the Tortonian run is still not as weak as proxy data suggest. In the North Pacific region, the comparison of model results and proxy data indicates that the adjusted palaeoflux correction of the mixed-layer ocean model can represent a too weak northward ocean heat transport. For Southern Europe, the Tortonian run is consistent with proxy data, but for the Alpine region proxy data suggest a warmer climate than the model experiment. However, the too-cool conditions in the model run can be attributed to small-scale orographic effects which cannot be resolved with the coarse model grid. With respect to precipitation patterns, there is an overall quite good agreement between model results and proxy data. Just in the tropics, we identify that the Tortonian simulation overestimates the annual rainfall by far (+ 2200 mm/a) which can be addressed to the parameterisation of the cumulus convection scheme of ECHAM.
As compared to the preceding Tortonian study of Steppuhn et al. (2006, in press) which includes the modern vegetation, our Tortonian run is more realistic. However, the discrepancies in our Tortonian run demonstrate that we still do not fully understand the Late Miocene. We cannot yet sufficiently explain why the high latitudes are warmer and why the meridional temperature gradient is weak during the Miocene. In addition to the hitherto existing Miocene climate modelling concepts with AGCMs using either palaeo-SSTs or a simple slab ocean model, we suggest to complete the model hierarchy with fully coupled atmosphere-ocean general circulation models.
